Introduction
Ribosomal genes are associated with a subset of acidic proteins, the Ag-NOR proteins, that can be detected by specific argyrophilic affinity (10). The amount of Ag-NOR proteins present during interphase is routinely used to evaluate nucleolar activity and cell proliferation (for reviews see 2,8,15). Thus, quantification of Ag-NOR proteins is applied to characterize human cancer cell proliferation. High levels of Ag-NOR proteins indicate a poor prognosis and a high rate of proliferation (3, 4) .
The Ag-NOR proteins are necessary for rRNA transcription, as demonstrated in hybrid cells in which only the ribosomal genes associated with the Ag-NOR proteins are transcribed (13). Therefore, the variability in the amount of Ag-NOR proteins during the cell cycle may be directly linked to stimulation of ribosome biogenesis occurring in proliferating cells. Howewr, evidence exists that the amount of Ag-NOR proteins was only slightly increased, whereas in cycle-stimulated cells it was increased 3.04-fold. This is the consequence of a diflkrential increase of the major Ag-NOR proteins that appears earlier and is proportiond y more important for nudeoh (3.5-fold) than for protein B23 (twofold) and also for the inaease of several minor Ag-NOR proteins. We conclude that, in dividing cells, the mean value of the Ag-NOR proteins measured reflects the percentage of cells in the =rent phases. This could aplain why the amount of Ag-NOR proteins can be used as a marker of a l l proliferation. ( J Z-fisro&em C y " 43: [887] [888] [889] [890] [891] [892] [893] 1995) there is no strict relationship between the amount of Ag-NOR proteins and rRNA transcriptional activity (16). To understand the linkage between the amount of Ag-NOR proteins, ribosomal biogenesis, and cell proliferation, it is obvious that the variability of individual Ag-NOR proteins must be analyzed and followed throughout the cell cycle.
We have recently adapted the Ag-NOR staining method to protein samples electrophoresed and transferred onto nitrocellulose membranes (11). This procedure is compatible with a quantitative evaluation of Ag-NOR staining of individual proteins, because the intensity of Ag-NOR staining is proportional to the amount of proteins (20).
To ascertain the relationship between the Ag-NOR proteins and rRNA transcription and cell duplication, in the present study we evaluated the quantitative changes of AgNOR proteins in rat hepatocytes in which rRNA transcription was exclusively stimulated, or in which stimulation of rRNA synthesis was associated with entry into the mitotic cycle.
Materials and Methods
Animals. Wistar rats (100-120 g) were used. Partial hepatectomy was performed according to the method of Higgins and Anderson (9) under ether anesthesia. Rats were sacrificed 3. 6, 9. 12. 15, 18. or 21 hr after partial hepatectomy. Sham-operated rats were used as controls. Rats injected with 20 mg of cortisol (Soh-Cortef; Upjohn. Puurs, Belgium) per 100 g were sacrificed 1, 4, or 8 hr later. All experimental data were derived from the mean of at least three animals for each experimental time.
Western Blots. Rat liver samples were homogenized in 10 mM Tris-HCI, pH 7.4. containing 5 mM MgC12. 0.25 M sucrose, and 0.1% Triton X-100. After centrifugation (600 x g. 5 min) the pellets were suspended in 10 mM Tris-HCI, pH 7.4, containing 10 mM MgC12 and 1.1 M sucrose and centrifuged at 30,000 x g for 20 min. The nuclei were suspended in 10 mM Tris-HCI. pH 7.4. containing 3 mM MgC12 and 0.25 M sucrose. and the nucleoli were isolated by sonication and purified by centrifugation on a 0.88 M sucrose cushion in 10 mM Tris-HCI. pH 7.4, 3 mM MgClz at 1300 x g for 15 min. All steps were performed at 4'C and all solutions contained the following anti-proteases: 1 mM PMSF (phenylmethylsulfony1 fluoride), 10 pglml aprotinin. 1 pglml pepstatin. 1 Clglml Ieupeptin. The nucleolar proteins were solubilized in sample buffer (12) as described (18).
The amount loaded onto each lane comsponds to nucleolar proteins extracted from 75,000 nuclei. The number of nuclei was estimated before nuclear sonication using a hemacytometer and specific DNA staining. Protein samples were electrophoresed in 10% SDS-polyacrylamide gels in Protean I1 cell (Bio-Rad; Richmond, CA). Size standards from 200 to 14 KD (Bio-Rad) were included on each gel. The polypeptides were electrotransferred to reinforced nitrocellulose membranes (BA-S 83) (Schleicher & Schuell; Dassel. Germany).
Ag-NOR Staining on Western Blots and Densitometric Analysis. For Ag-NOR detection. the membranes were stained as prcviously described (11) with a 2:l (v/v) ratio of staining Solutions A (0.5 glml AgN03 in water) and B (1 g gelatin in 100 ml of water containing 1% formic acid). To prevent heterogeneous background, the stained membrane was vacuumdried at 40'C for 15 min using a gel dryer (Bio-Rad).
For computerized densitometric analysis, to minimize variations independent of samples, comparison was restricted to samples that had been processed simultaneously at all steps including electrophomis, transfer. and Ag-NOR staining (20). For each experimental time, six rats were used that provided samples for several electrophoresis and transfers (generally three). Therefore, the Ag-NOR staining was performed more than 10 times for each experimental time with different rats. The quantification was established for at least three series. For quantification, stained membranes were scanned using Ofoto 1.0.1 on Onescanner and Quadra 700 (Apple). The 256 gray-scale scans were analyzed using Image 1.54 (Wayne Rasband, NIH) without thresholding or enhancing to conserve a linear dose-response. Graphs were obtained using Cricket Graph 1.32.
In Situ Ag-NOR Staining and Morphometric Analysis of Ag-NOR Area. Quantitative analysis of interphase Ag-NOR proteins was performed on frozen liver sections stained with silver according to the method of Ploton and co-workers (17). Bridly. NOR silver staining was carried out using a solution of one volume of 2% gelatin in 1% formic acid and two volumes of 50% silver nitrate. The staining reaction was performed for 10 min at 37'C. Interphase Ag-NOR area was measured using a specific program (IM 5200) of a computer-assisted image analysis system (Sistema Entry Levcl; Immagini e Computer, Milan, Italy). For each slide, all the cells contained in consecutive fields were measured using a x 40 objective lens until 200 cells had been evaluated. The area of all the silver-stained structures contained within the nucleus was measured for each cell. At the end of each analysis, the mean Ag-NOR area value and the standard deviation were automatically calculated by the computer. Differences among groups were defined by the Student's t-test using a standard statistical software package.
Results

Amount of Ag-NOR Proteins in Control and Stimulated Rat Liver Cells
The quantification of Ag-NOR proteins was performed on samples from the same animals for computerized densitometry on Western blots and morphometry.
On Western blots, dark bands were observed corresponding to different Ag-NOR proteins (Figure 1 ). The density profiles of the Ag-NOR-stained proteins exhibited several peaks of variable intensity. Because the integrated value of these peaks is proportional to the amount of Ag-NOR proteins (20). quantification of each band makes it possible to quantlfy individual Ag-NOR proteins, and the quantification of each lane to quantlfy the total amount of Ag-NOR proteins. The density profiles of nucleolar protein cxtracts from control and stimulated rats were significantly different (Figure 1) . After 21 hr of stimulation of the rat liver cells, the in- tensity of major peaks, as well as of some minor peaks, was increased compared to the control extracts. The quantification on Western blots indicated that the total Ag-NOR proteins varied from 1 to 3.04 between control and stimulated (21 hr) rat liver nucleolar extracts ( Table 1 ).
In nucleoli, as shown in Figure 2 , the Ag-NOR area increased between control and stimulated rat liver cells. The quantity of Ag-NOR proteins at interphase was evaluated by image cytometry on silver-stained frozen sections from the same animals used for Ag-NOR protein quantification on Western blots ( Table 2 ). Quantification of the Ag-NOR area demonstrated that the mean Ag-NOR area was 3.14 and 7.88 pm2 for control and stimulated rat liver 889 cells, respectively. This corresponded to a factor of 2.5. Therefore, it appears that the two approaches used to quantlfy Ag-NOR proteins give similar but not identical results, as discussed below.
firiability of Total Ag-NOR Proteins in Rat Hepatocytes Stimulated by Cortisol or Stimulated to Proliferate by PartiaL Hepatectomy
Evaluation on Westem Blots of Total Ag-NOR Proteins After Stimulation. Nucleolar protein extracts from 75.000 liver nuclei of control, hepatectomized, and cortisol-treated rats were loaded Nucleolar protein extracts were prepared from livers of control rats (C), from livers 3, 6, 9, 12, 15, 18. or 21 hr after partial hepatectomy, and from livers 1, 4, or 8 hr after cortisol treatment. Nucleolin and protein 823 are indicated (B) as are the other Ag-NOR proteins (B, closed circles) quantified in Table 3 . and run in parallel. The quantity of proteins in each lane, evaluated by Coomassie Blue staining of the proteins, appeared stable for cortisol-treated rats and hepatectomized rats before 12 hr, whereas an increase of proteins took place at 15, 18, and 21 hr after hepatectomy ( Figure 3A) . Gels run in parallel were blotted onto nitrocellulose, Ag-NOR-stained ( Figure 3B ), and the integrated density of each lane was measured (Eble 1). The amount of total Ag-NOR proteins estimated on Westem blots remained stable for regenerating rat up to 6 hr after hepatectomy. The increase in the amount of total Ag-NOR proteins started 9 hr after hepatectomy and reached 3.04-fold above the control after 21 hr (Table 1) . For cortisol-treated rats the increase was low (l.bfoId), even after 8 hr of stimulation (Eble 1).
Quantitative Analysis of Interphase Ag-NOR Proteins on Fro-
zen Sections at the Same Stages of Stimulation. The amount of AgNOR proteins at interphase in normal, regenerating, and cortisol-treated rat hepatocytes is shown in Table 2 . In cortisolstimulated hepatocytes the quantity of Ag-NOR proteins was only slightly increased compared with control resting hepatocytes (3.47 * 0.92 pm2 and 3.14 * 0.83 pm2, respectively). In regenerating rat hepatocytes the quantity of Ag-NOR proteins began to increase 6 hr after partial hepatectomy, reaching a value 2.5-fold above the control level at 21 hr. Therefore, cortisol stimulation of rRNA synthesis induced only a slight increase in the amount of total Ag-NOR proteins as estimated in nucleoli by cytomeuy or on Westemblotted proteins by densitometry. In contrast, concomitant stimulation of entry into S-phase and of rRNA synthesis triggered by hepatectomy significantly increased the amount of total Ag-NOR proteins.
Ag-NOR Proteins Involved in tbis Kzriability
Ag-NOR staining on Westem blots makes it possible to analyze the variability of individual proteins to determine whether the increase of the total Ag-NOR staining is due to additional Ag-NOR proteins or to the increase of some of them. As shown in Figure 3B , two bands of 105 and 39 KD were constantly more intensely stained. We previously demonstrated, using antibodies and purified proteins, that these bands correspond to nucleolin and protein B23, respectively (20) . At 38 KD another band Table 3 was also stained, representing the isoform ofprotein B23, as demonstrated with antibodies (19). In stimulated cells, in addition to the two major Ag-NOR proteins, some other bands appeared positively stained 6 hr after hepatectomy. By quantification of each Ag-NOR protein ( Table 3) , it appeared that the most variable Ag-NOR proteins were nucleolin (105 KD) and protein B23 (39-38 KD), but other bands also increased significantly (145, 77, 50, and 42 KD) , whereas other Ag-NOR proteins were detected only after 18 and 21 hr of stimulation (180 and 120 KD) (the latter two proteins wera not included in the quantification of individual Ag-NOR proteins in Eble 3). Therefore, the increase in the amount of Ag-NOR proteins is not the same for all the positive bands: there is a modulation of the different Ag-NOR proteins during reactivation of the cell cycle by hepatectomy.
. Quantzfiation of individua/ Ag-NOR proteins blotted onto nitrocellulose in control and regenerating rat hepatocytes (see
The Most Kzriable Ag-NOR Proteins as a Function of the Cell Cycle and rRNA Synthesis
Quantitative evaluation ofthe two major Ag-NOR proteins, nucleolin and protein B23, was performed in regenerating and cortisolstimulated hepatocytes measuring the integrated density of each band. In control hepatocytes, nucleolin corresponds to 2540% of the total amount of Ag-NOR proteins, whereas protein B23 is >40% of the total value (Table 3) . Interestingly, during the first 9 hr of regeneration, as in controls, the quantity of nucleolin plus that of protein B23 represented about 70% of all the Ag-NOR proteins, but this value decreased to about 60% after 21 hr of stimulation owing to the accumulation of Ag-NOR proteins below the detection level in controls and at early times of stimulation. The integrated density of nucleolin and protein B23 in control, regenerating rat hepatocytes at different times after partial hepatectomy and in cortisol-treated rats was established in three different series of rats. The variability of the integrated density of both proteins was analyzed in comparison with the control value of each series ( Figure 4A) . Similar variations were observed in the three series.
The amount of nucleolin was not substantially modified during the first 9 hr of regeneration ( Figure 4A) . At 12 hr, the amount of nucleolin was about 1.5-fold the control value and then progressively increased, reaching a maximal value at 18-21 hr, just before the onset of the mitotic phase, when the quantity of nucleolin was 3.5-fold that of control hepatocytes ( Figure 4A ). Quantitative changes of protein B23 were observed only at 15 hr after regeneration (1.25-fold the control value), reaching, as did nucleolin, maximal value just before the mitotic phase ( Figure 4A ). Howcver, in contrast to nucleolin, the increase in protein B23 did not exceed by twofold the control value ( Figure 4A) .
The quantitative changes of nucleolin and protein B23 in cortisol-stimulated hepatocytes were also evaluated. Three control and three cortisol-stimulated rats were used. Only slight changes in the amount of nucleolin and protein B23 were observed after 8 hr of stimulation, corresponding to the maximum of stimulation of rRNA synthesis (16) ( Figure 4B ). After 1 hr of stimulation, i.e., before any stimulation of rRNA synthesis (16), there was a limited increase in nucleolin and protein B23.
Discussion
The amount of Ag-NOR proteins appears to be linked to the cell cycle. In non-cycling cells, such as differentiated cells or starved cells, the amount is very low, whereas in cycling cells it is directly proportional to the duration of the cell cycle. This Idage can be explained by an association of these proteins to ribosome biogenesis that is more active in growing than in resting cells. To investigate this relationship, we examined the variability in the amount of total and individual Ag-NOR proteins in control, rRNA-stimulated, and cell cycle-stimulated hepatocytes.
Ag-NOR Protein Quantification
Total Ag-NOR proteins were quantified by measuring the area of the silver stained nucleolar structures in frozen sections stained with the one-step silver method for . This is the procedure routinely used for quantification of AgNOR proteins in cancer cells to estimate the proliferation rate. In rat hepatocytes, the mean value of the silver-stained nucleolar structures started to increase 6 hr after partial hepatectomy, reaching 2.5-fold that of control 21 hr after hepatectomy. In contrast, after 8 hr of cortisol stimulation, which corresponds to the maximum of stimulation of rRNA synthesis by cortisol (16), the Ag-NOR area was close to the control level.
The amount of Ag-NOR proteins was also measured by densitometry analysis of all the Ag-NOR proteins contained in nucleolar protein extracts and revealed on Western blots. No significant changes in the total amount of Ag-NOR proteins was observed before 9 hr after partial hepatectomy; it reached 3.04-fold that of control 21 hr after hepatectomy. The difference between histological and Westem blot values might be explained by considering that the quantification of Ag-NOR proteins in situ also reflected the distribution of Ag-NOR proteins in the nucleolar volume. The results on liver sections stained for AgNOR proteins therefore also indicated the changes of nucleolar size during hepatocyte regeneration especially 6 hr after hepatectomy (2) . The estimation on Western blots is probably more sensitive and independent of the distribution of the Ag-NOR proteins. However, the validity of the estimation must be established using reference lanes electtophoresed and transferred in parallel.
Variability of Ag-NOR Proteins Depends on Cells Entering the Mitotic Cycle
Previous data (16) indicated that the mean value of rRNA synthesis was increased after partial hepatectomy and cortisol stimulation, but only after hepatectomized cells entered the S-phase and cell duplication. The S-phase started 12 hr after hepatectomy and most cells entered M-phase 21 hr after hepatectomy.
Quantification of total Ag-NOR proteins by image cytometry in situ and densitometry in Westem blots demonstrated that the amount of AgNOR proteins is not proportional to stimulation of rRNA synthesis in early GI-phase by cortisol or hepatectomy.
On Westem blots, for hepatocytes as for human cells in culture, two major Ag-NOR proteins of 105 and 39-38 m, which correspond to nucleolin and protein B23, were constantly detected on nitrocellulose (19, 20) . Densitometric analysis indicated that nucleolin and protein B23 corresponded to 70% of the total Ag-NOR proteins in control hepatocytes. In cell cycle-stimulated cells, the increase of Ag-NOR proteins is the consequence of a differential increase of the major Ag-NOR proteins, which appears earlier and is proportionally more important for nucleolin than for protein B23, and also of the increase of several minor Ag-NOR proteins, since other bands are also stained. Some of these bands could correspond to maturation products of nucleolin (bands at 96, 90, 70, and 65 KD), but others, such as the 145, 50, 43, 42, and 41 KD bands, have not yet been identified. These latter were obviously increased by stimulation of the cell cycle by hepatectomy; they are responsible for 40% of the staining in cell cycle-stimulated cells.
va7iabi'lity of the Two Major Ag-NOR Proteins
Nucleolin is involved in early events ofpre-rRNA assembly, whereas protein B23 appears to be related to the intermediate stages of ribosomal assembly (for review see 15). Therefore, one might predict that the increase in rRNA synthesis is linked to the accumulation of nucleolin and protein B23. However, stimulation of rRNA synthesis by cortisol had only a limited effect on the amount of nuclcolin and protein B23. Similarly, the quantitative changes of nucleolin and protein B23 cannot be considered a prerequisite for the stimulation of the ribosomal transcriptional activity in regenerating rat hepatocytes soon after partial hepatectomy. During the cell cycle, phosphorylation of both proteins is correlated with the activity of the nucleolus in the synthesis of pre-rRNA (15). Furthermore, phosphorylation of nucleolin rather than quantitative changes in nucleolin is a key event in the regulation of rDNA transcription (1). Conwrsely, the increase of Ag-NOR staining ofnudeolin in cell cycle-stimulated hepatocytes must be interpreted as a consequence of nucleolin synthesis. Similarly to stimulated hepatocytes, it has been reported that increased synthesis of nucleolin and protein B23 occurs in the very late GI-phase in cell stimulated to proliferate (5-7,14) .
Conclusions
In conclusion, this study of physiologically stimulated rat hepatocytes demonstrates that an increase in rRNA synthesis in GI has a slight effect on the amount of Ag-NOR proteins, including the two major Ag-NOR proteins nudeolin and protein B23. Cmversely, an increase in Ag-NOR proteins is associated with S-Gz-phase.
This could explain why the amount of Ag-NOR proteins can be used as a marker for cell proliferation.
